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Abstract 
The aim of this study is to investigate the combustion process and pollutant formation in a small compression ignition 
engine for quadricycles. The engine is a three-cylinder, 1028 cc, with a CR injection system. It was designed to meet 
Euro 4 emission standard that is a future regulation for quadricycles. Two optical accesses for endoscopes were 
realized in the first cylinder to investigate the combustion process. Two-color pyrometry was applied to combustion 
images to detect both the flame temperature and the soot concentration. The engine ran with diesel fuel and both 
blended and pure biofuel. Operating condition at 1400 rpm, medium load was tested. A correlation between in-
cylinder data of flame temperature and soot concentration with NOx and PM emissions at exhaust, respectively, was 
found. It was observed a variation of engine calibration, at fixed power output, when the engine runs with biodiesel 
resulting in an increase of NOx emissions. 
© 2014 The Authors. Published by Elsevier Ltd.  
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1. Introduction  
Diesel engines are the main source of nitrogen oxides (NOx) and particulate matters (PM) which are 
harmful to the environment and human health [1]. The emission reduction goal has led to look for 
alternative fuels with the aim to decrease the pollutants formation within the combustion process itself 
[2], thus reducing the need for exhaust after-treatment devices. Optical diagnostics by endoscopes are an 
advanced tool to obtain invaluable insight for a better understanding of the in-cylinder processes, without 
significant mechanical modifications and with minimal interferences to the combustion process [3].  
This paper is devoted to study the effects of both blended and pure biodiesel on the combustion evolution 
and the pollutants formation in the cylinder of a real engine. The research was carried out on a small 
compression ignition (CI) engine for quadricycles; this category of vehicles will have to fulfil the Euro 4 
standard by 2016 and the Euro 5 standard by 2020 [4]. The engine meets emission limits with an exhaust 
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gas recirculation (EGR) system and a diesel oxidation catalyst, without diesel particulate filter. Two 
endoscope seats were realized in the first cylinder to observe combustion phenomena. Tests were 
performed with diesel fuel, blended and pure biodiesel. Operating condition at 1400 rpm, medium load 
was investigated. Indicating data were measured. Flames images were detected and post-processed by 
two-colour pyrometry to assess the flame temperature and the radiation of sooting flames. In-cylinder 
data were correlated to NOx and PM emissions measured at exhaust. 
2. Experimental apparatus and procedures 
The investigation was carried out on a CI engine, three-cylinder, 1028 cc, with an electronically 
controlled CR injection system. Two holes for endoscopes were realized in the first cylinder to have 
optical accesses to the combustion chamber. More details on the engine and the optical diagnostic setup 
are reported in [5]. MEXA 7000 analyzer was used to measure NOx emissions and the carbon dioxide 
(CO2) of the EGR; PM was measured by a Smoke Meter. The engine ran with diesel fuel, a blend of 50% 
v/v rapeseed methyl ester (RME) (B50) and pure RME (B100). Tests were performed at 1400 rpm, 
medium load. In particular, the accelerator pedal throttle position and the EGR level were changed by the 
electronic control unit (ECU) to reach, for all the tested fuels, the power output of 4 kW. 
3. Experimental results 
Figure 1 depicts the indicating curves and the injector current signal versus crank angle degree (cad) for 
all tested fuels. The injection is more delayed as larger the amount of RME. Regarding pressure curves, 
B50 shows lower maximum values than diesel fuel because of the lower LHV of biodiesel. B100 has the 
pilot peak overlapped to B50; the main peak of pure RME, instead, is more advanced than biodiesel blend 
due to the higher Cetane Number (CN). Therefore, for pure biodiesel the main combustion occurs at 
higher in-cylinder pressure and temperature than RME blend allowing to reach a maximum pressure 
similar to diesel fuel. A better understanding of combustion evolution can be obtained by analysing the 
ROHR histories. The start of combustion (SOC) of the pilot is more advanced as higher the RME 
percentage, although the delayed injection. Regarding the main SOC, the most efficient pilot combustion 
of diesel fuel allows to overcome the higher CN of the RME blend, hence, main SOC occurs at the same 
time for diesel fuel and B50. The higher CN of pure RME, instead, plays a more important role resulting 
in a more advanced SOC with respect to both diesel fuel and B50. For all the fuels the combustion occurs 
mainly in premixed mode. With increasing the RME content, the ROHR curves show a lower peak and a 
more strengthened tail.  
A more comprehensive analysis of combustion evolution is reached by optical measurements. Figure 2 
depicts a selection of images of combustion process for diesel fuel and pure RME. In diesel images, the 
first flame emissions are detected at 9 cad after top dead center (ATDC) because of the pilot combustion. 
At 13 cad ATDC luminous flames due to the main combustion are detected in the bowl. At 20 cad ATDC 
same flames rise from the bowl wall because of the air motion that guarantees the depletion of the 
impinged fuel.  
 
Figure 1. In-cylinder pressure, ROHR and injector current curves for diesel fuel, B50 and B100. 
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Figure 2. Flame images of diesel fuel (up) and B100 (down). 
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Figure 3. Pixel number at temperature of 2000, 2400 and 2700 K for diesel fuel, B50 and B100. 
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Figure 4. Pixel number at KL value of 20, 60 and 100 a.u. for diesel fuel, B50 and B100. 
At this time some luminous spot representative of diffusive combustion are visible. The combustion 
proceeds during the expansion stroke; at 25 cad ATDC the piston is positioned away from the top dead 
center and, thus, the detected flames spread in the cylinder above the piston surface. Biodiesel ignites 
earlier than diesel fuel; the flames of pilot combustion, fed by main injection, illuminate the fuel jets. Two 
jets of the main event are, in fact, clearly distinguishable at 8 and 9 cad ATDC; they spread along the 
spray axis and impinge towards the bowl wall.  
Combustion images were post-processed by two-colour pyrometry to quantify the flame temperature and 
the in-cylinder soot concentration. In order to investigate the effect of the fuel on the local in-cylinder 
temperature and, hence, on the NOx formation, the flame area at the temperature of 2000, 2400 and 2700 
K for all the tested fuels were detected (Figure 3). It was found out that diesel fuel has a larger flame area 
at 2000 K with respect to B50 and B100. The pixel number at 2400 and 2700 K increases with the RME 
content. Moreover, high temperatures are detected in advance for B50 and, particularly for B100 with 
respect to petroleum fuel, as provided by indicating curves. Flame temperature data allow to calculate the 
KL factor, which is proportional to the in-cylinder soot concentration. In Figure 4 the pixel number with 
KL values of 20, 60 and 100 a.u. are reported for all tested fuels. The graph corresponding to the KL 
value of 20 a.u. suggests that the soot formation begins earlier for blended and mainly for pure biodiesel 
because of the more advanced combustion than diesel fuel. This result is in agreement with in-cylinder 
pressure and ROHR data. B50 and B100 have a larger number of pixels with KL value of 20 a.u. than 
diesel fuel. A smaller number of pixels with KL value of 60 a.u. are observed for both blended and pure 
RME compared to petroleum fuel. Moreover, pixel number with the highest soot concentration is detected 
only for diesel fuel. The lower in-cylinder soot concentration of B50 and mainly of B100 can be ascribed 
to the oxygen presence in the biofuel [6]. 
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Figure 5. NOx emissions and CO2 EGR level (left side) and PM emissions (right side) for diesel fuel, B50 and B100. 
Based on optical data it is possible to predict lower PM emissions for RME with respect to diesel fuel. 
Figure 5 (left side) shows the NOx emissions and the CO2 of EGR. Because of lower LHV of RME, the 
ECU reduces and deactivates the EGR when the engine runs with B50 and B100, respectively to obtain 
the same power output of diesel fuel. This is the reason of the higher in-cylinder temperature detected for 
B50 and B100. Higher temperature and larger oxygen availability result in larger NOx emissions for B50 
and mainly for B100. Figure 5 (right side) shows the PM emissions measured for all tested fuels. They 
decrease with the increase of RME content as expected by optical data. This trend can be ascribed to the 
absence of aromatics and to the larger availability of oxygen for both blended and pure RME [7]. B50 and 
B100 combustion, in fact, can count on both the oxygen of biodiesel molecule and on the larger air-borne 
oxygen amount. The latter is due to the lower or absent EGR for B50 and B100, respectively that lead to 
more fresh air drawn in to the cylinder. 
4. Conclusions 
A deep knowledge of the effect of biodiesel on combustion evolution and pollutant formation could help 
manufacturers to optimize the engines for biodiesel fuelling. This study has proved that endoscopy is an 
advanced tool for a comprehensive analysis of in-cylinder phenomena. It has been found out that the 
injection strategy is delayed and the EGR level is reduced by ECU when the engine runs with B50 and 
B100. Optical measurements have revealed that B50 and B100 are characterized by higher in-cylinder 
temperature, in accordance with the lower EGR level. The higher temperature and the larger oxygen 
content result in larger NOx emissions for B50 and mainly for B100. Diesel fuel exhibits higher in-
cylinder soot concentration that results in larger PM emissions than both blended and pure RME. 
References 
[1] Imran, S., Emberson, D.R., Wen, D.S., Diez, A. et al. “Performance and specific emissions contours of a 
diesel and RME fuelled compression-ignition engine throughout its operating speed and power”, Applied 
Energy, 111: 771-777, 2013. 
[2] Tompkins, B.Y., Song, H., Bittle, J.A., Jecobs, T.J., “Efficiency considerations for the use of blended biofuel 
in diesel engines”, Applied Energy, 98: 209-218, 2012. 
[3] Jeon, J., Lee, J.T., Lim, Y.S., Kwon, S.I. et al. “Flame temperature distributions of biodiesel fuel in a single-
cylinder diesel engine”, Fuel Processing Technology, 110, pp. 227-234, 2013. 
[4] www.dieselnet.it. 
[5] Magno, A., Mancaruso, E., Vaglieco, B.M., “Endoscopic investigation of combustion process in a small 
compression ignition engine fuelled with rapeseed methyl ester”, SAE paper 14FFL-0492, in press. 
[6] Sison, K., Ladommatos, N., Song, H., Zhao, H., “Soot generation of diesel fuels with substantial amounts of 
oxygen-bearing compounds added”, Fuel, 87, pp. 345-352, 2007. 
[7] Lapuerta, M., Armas, O., Rodriguez-Fernandez, J., “Effect of biodiesel fuels on diesel engine emissions”, 
Progress in Energy and Combustion Science. 34: 198-223, 2008. 
Acknowledgments 
Authors are grateful to Mr. Carlo Rossi and Mr. Bruno Sgammato for the engine assessment and for the support in 
the experimental activity. 
